Encyclopedia of Imaging Science & Technology BNL - 69065

NEUTRON IMAGING, RADIOGRAPHY AND TOMOGRAPHY"®

Graham C. Smith
Brookhaven National Laboratory
Upton, NY 11973-5000

March, 2002

*Work supported by U.S. Department of Energy: Contract No. DE-AC02-98CH10886.



NEUTRON IMAGING, RADIOGRAPHY AND
TOMOGRAPHY *

Graham C. Smith
Instrumentation Division
Brookhaven National Laboratory
Upton, NY 11973-5000

Abstract

Neutrons are an invaluable probe in a wide range of scientific, medical and
commercial endeavors. Many of these applications require the recording of an image of
the neutron signal, either in one-dimension or in two-dimensions. We summarize the
reactions of neutrons with the most important elements that are used for their detection.
A description is then given of the major techniques used in neutron imaging, with
emphasis on the detection media and position readout principle. Important characteristics
such as position resolution, linearity, counting rate capability and sensitivity to gamma-
background are discussed. Finally, the application of a subset of these instruments in
radiology and tomography is described.
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NEUTRON IMAGING, RADIOGRAPHY AND TOMOGRAPHY

Graham C. Smith
Brookhaven National Laboratory
Upton, NY 11973-5000

1. Introduction.

The discovery of the neutron occurred in 1932 and the first neutron diffraction
experiments were performed in the late 1940s. With progressively increasing usage, the
neutron has become a key probe in many fields of science, with sources around the world
now over-subscribed by experimenters. The European Spallation Source, ESS, and the
Spallation Neutron Source, SNS, in the US are new, high intensity sources under
development that attest to the importance of neutrons as a probe. Because they are
uncharged, neutrons are perhaps one of the most difficult of particle to detect. Indeed,
there are only a few elements in nature that have a high affinity for neutron interaction.
This article is organized as follows. In section 2 the fundamental reactions upon which
all neutron detection relies are described. Then a series of sections describe the main
techniques of neutron detection and imaging: gas-based in section 3, scintillator based in
section 4, semiconductor-based in section 5, film and image plates in section 6 and
microchannel plates in section 7. In these sections a few applications are noted.

Section 8 focuses on neutron radiography/tomography, for which scintillator detectors
and image plates are the primary imaging techniques. Some important reviews from
recent literature are, for imaging techniques: Convert (1983), Crawford (1992), Fraser
(1995), Lander (1996), Hastings (1998), and for radiography: Fischer (1996), Lehmann
(1999). Techniques for (non-imaging) neutron detection have also recently been
reviewed (Peurrung, 2000), and an excellent treatise on all neutron detectors is given in
Knoll (1989).

2. Neutron Interaction Mechanisms.

Creation of free charge carriers is the primary process upon which most radiation
detectors rely for their operation. Neutrons have no net charge, and can be detected
either by direct collision with, and displacement of, nuclei, or by nuclear interactions.
For thermal neutrons, there is insufficient energy available for collision displacements,
and nuclear reactions are the dominant process in neutron detection methods. With
definitions for cold, thermal and epithermal neutrons indicated, figure 1 shows the
neutron absorption cross-section versus energy for the most important capture reactions,
which can be loosely categorized in three groups:

1) Reactions that have cross-sections that decrease as the square root of the
neutron energy:

*He + 'n — *H + 'H + 0.764 MeV
°Li+'n — *He + *H + 4.8 MeV
B +'n — "Li + “He + 2.3MeV + 0.48 MeV ()



ii) Reactions that are (n,y) resonances in which y-ray emission is inhibited and
energy is transferred to the orbital electrons. This class of reactions gives rise to complex
Y-ray and conversmn electron spectra (Groshev, 1962):

15Gd + 'n — °Gd* ¢

— 1%Gd + (7 + conversion e’s; 7.9 MeV)
Main electron energies are 39 and 81 keV
157Gd + 1n — 198Ga*
— 1%8Gd + (y's + conversion e’s; 8.5 MeV)
Main electron energies are 29, 71, 78 and 131 keV

iii) Fission of 2°U or *’Pu:

257 4 1 — fission fragments + 80 MeV
29py + 'n — fission fragments + 80 MeV

A common feature of the reactions in (i) is that the products are ejected co-
linearly, and in general give rise to jonizations within several pm (solid) or mm (gas) of
the reaction point; in lithium the range is about 100um. ~The (n,y) reactions in (ii) have a
high probability of internal conversion, and the conversion electrons ejected are much
more easily stopped than y-rays, providing much more accurate position information.:
Although °Cd has a high neutron capture cross-section (figure 1), it has not been
included in (ii) because it has a low probability of internal conversion (about 4% of that
for Gd) and accurate position information is difficult to.obtain. The reactions in (iii) are
based on nuclear fission. Their-energies are very high, but the relatively low cross-
sections and difficulties with isotope enrichment have resulted in little use of these
reactions. A compendium of neutron cross-sections for many elements in the periodic
table has been published by Garber and Kinsey (1976). :
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Figure 1. Cross-sections for the most important neutron capture reactions versus neutron energy



Two of the most important characteristics of a neutron imaging device are
position resolution and efficiency. The (useful) isotopes in (i) and (ii) above are shown in
table 1, in their most common physical forms. Information pertaining to reaction
product energies and ranges, and absorption depth for neutrons with energy 0.025 eV
(1.8A) is also given. These numerical values are most valuable in determining the
isotope’s utilization in position-sensitive detectors.

Table 1

The most useful neutron absorbing isotopes and the key features of the neutron interactions at
25meV. Cross sections, O, , are tabulated to the nearest 10 barns, and to the nearest 1000 barns
for Gd. This helps emphasize the huge stopping power of Gd relative to the other isotopes.

Isotope | State o Neutron Particle energies (keV) Approximate
(barns) | abs". length particle range

°He Gas 5330 | 70 mm.atm | p: 573 t: 191 3.8 mm.atm C3Hy

°Li Solid 940 | 230 um t: 2727 o 2055 130 pm

B Solid 3840 | 20 pm o: 1472 | 'Li: 840 3 um

BF; | Gas 3840 | 97 mm.atm | o: 1472 | 'Li: 840 4.2 mm.atm

Nat. Gd | Solid 49000 | 6.7 um Conv" electrons: ~30-200 | 12 pm

“'Gd | Solid | 254000 | 1.3 um Conv" electrons: ~30-200 | 12 um

3. Detectors with Gas-Filling.

Before gas-filled imaging detectors were developed, the usual component in
single wire proportional counters for neutron detection was boron trifluoride, BFs. In
recent years “He has become the converter gas of choice because BF; is not an ideal gas
in which to multiply electrons, and even with enrichment in 1B, the absorption cross-
section is significantly smaller than that of *He.

The gas depth in a thermal neutron proportional chamber is typically 10-15 mm.
This is a compromise between achieving high efficiency and minimizing position error
due to parallax for neutrons incident away from the normal to the detector. Figure 2
shows the calculated detection efficiency in 15 mm for a range of gas pressures.
Extremely high detection efficiencies can be obtained for cold neutrons, around 8-10 A.
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Figure 2. Calculated thermal neutron conversion efficiency for a range of *He partial pressures.

Ultimately, the major factor limiting position resolution for neutron conversion in He is
the range of the proton and triton. Figure 3 shows the relative dE/dX profile of the proton
and triton as a function of distance from the interaction point. The proton not only takes
about three-quarters of the reaction energy, but also deposits a disproportionate quantity
of ionization at the end of its track. The center of gravity of the resulting primary. o
ionization is weighted, unfortunately, part way along the proton track, typically 0.35 R,
from the interaction point, where R, is the range of the proton. A key parameter in .-
obtaining high resolution is to ensure that the proton and triton ranges are kept small.
This is normally achieved by using a heavier gas such as propane, C3Hs, or carbon tetra-
fluoride, CFg, as an admixture with the SHe. These gases also act as a quench for the
electron avalanche.
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Figure 3. Representation of sphere of centroids from many conversions. Tonization centroid is displaced
from conversion point by about 0.4 X R, the proton range.



Figure 4 shows the manner in which propane improves the position resolution as a
function of its pressure (Radeka, 1996). '
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Figure 4. Position Resolution in *He + C3Hg as a function of absolute propane pressure.

1) Multi-Wire Proportional Chambers (MWPCs).

The concept of the multi-wire chamber was born over 30 years ago (Charpak,
1968), but its application in a variety of radiation detection applications is ubiquitous
even today; neutron detection is no exception. Figure 5 shows schematically a typical
’He filled proportional chamber. Neutrons convert in the gas in the absorption region.
The resulting primary ionization then drifts to the anode plane to undergo multiplication.
Position information in X and Y coordinates can be found from the cross-wire cathodes
by resistive charge division. Refinement of charge division schemes has led to very large
signal to noise ratios (Radeka, 1980), such that the limit to position resolution is solely
due to the range of the reaction products shown in figure 3.
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Figure 5. Side-view of proportional chamber with position-readout by resistive charge division.

Gas proportional chambers can be fabricated in a wide range of sizes and
configurations, a feature that has made them particularly popular in imaging experiments
at the world’s reactor and spallation sources. A report by McElhaney (1990) detailing



detectors at these installations indicated nearly all were some form of gas detector. -
Figure 6 and figure 7 show two-detectors from Brookhaven National Laboratory at -
opposite extremes of the size scale. The first is a planar detector with a sensitive area of
5 cm X 5 cm and the second is a curved detector with a sensitive area of 1.5 m X 20 cm.

Flgure 7. Curved 120° detector for pr tein crystallography, with- sensitive area 1.5 m x 20 cm

Gas-filled detectors are‘ extraordinarily stable over long periods of time when
fabricated correctly, and possess very:good absolute count rate repeatability. These
features permit experiments that would otherwise be almost impossible to carry out. In a
study of crystalline domains (Ima1 1997), a non-ionic detergent-water mixture was
investigated at constant temperature by time-resolved neutron scattering. Structural .
oscillations were observed at 5 min intervals by recording the Bragg peaks that speckle
the Debye Scherrer ring. One of the many time frames-recorded over several days is
shown.in Figure 9. It is the gas detector’s ability to record the time dependence of the



intensity and position that makes a study of this nature unique. Recent examples of gas
detector results in structural biology are-reported-in:Schoenborn, 1996.

Figure 8. Small-angle scattering image, detailing many tiny Bragg peaks in a Debye Scherrer ring.

ii) Discrete Element Counters

Single wire proportional counters (from which the MWPC, above, ultimately was
derived) constitute one of the most basic types of neutron detector. They comprise a
cylindrical tube (of order cm diameter) with a central anode (which can be 1m or longer),
filled with the same gas mixture as the MWPC. An event’s position is determined from
resistive charge division along the complete length of the anode, using charge amplifiers
at each end to measure signal level, Radeka (1974). Although the readout is relatively
simple, good position resolution cannot be obtained from long counters (in contrast to the
subdivided readout described for MWPCs), the counters have variable efficiency due to
their circular cross-section, and generally they have a modest counting rate capability. In
arrays, they can be used to cover large areas, but generally are less superior to a MWPC
with a uniform thickness gas volume.

iii) Micro-Strip Gas Chambers (MSGCs).

These were developed originally at the Institute Laue Langevin (ILL), Grenoble
(Oed, 1988). In the MSGC the anode and cathode wires of a MWPC are replaced by
metallic strips on a glass or plastic substrate. These electrodes can be registered with
high precision by photolithography, potentially leading to more automated fabrication
processes, better position resolution across the anodes and higher count rates.

A section of an anode bounded on each side by a cathode is shown in figure 10.
The anode, typically about 10 pm wide, has a field in excess of 3 X 10° V/em at its
surface.



Figure 9. Cathode and anode strips il{’én MSGC Field lines indicate increased electric field at anode
surface.

Detectors based on the MSGC technology have been developed extensively for
neutron detection at ILL. Figure 10 shows one such arrangement of detector. The -
Micro-Strip (MS) plate is made from Schott S8900 glass, a material that appears to offer
long-term resistance to charging problems. The front side, made of a 1500 A chrormum
layer, has a pitch of 1mm with anodes of 12 um and cathodes of 500 um. . Induced
signals on these cathodes determine one position coordinate of an event. On the rear
side, 86 chromium electrodes, 960 um wide, are placed perpendicularly to the front -
structure, for determination of the second position-coordinate.
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Figure 10. Schematic arrangement of: the MSGC detector.

Detectors from ILL have used CF; as the stopping gas, and the position resbiution

achievable is comparable to that with C3Hs. Figure 11 illustrates the image of a cadmium .
mask.



The timing resolution of single wire counters, MWPCs and MSGCs is typically of
order 1ps. This is primarily due to the uncertainty-in the-neutron conversion point in
several mm of gas, conbined with the slow neutron velocity.
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Figure 11. (a) Cadmium mask, with dimensions in mm, (b) Detector image with thermal neutrons.

iv) MSGCs with Gd/Csl converters.

This principle is based on the original work of Dangendorf et al (1994). The
technique is being applied in a device which has a Gd foil in the center, a layer of Csl on
each side of the foil, and a low-pressure MSGC on both sides to detect the secondary
electrons emitted from the CsI (Gebauer, 1997, Gebauer, 1998). The main features of the
device, illustrated in figure 12, are as follows. Neutrons convert in a thin Gd foil in the
center of the device. Conversion electrons escape into a layer of Csl, on both sides of the
foil, and further secondary electrons are emitted from this because a high electric field is
present. These electrons drift across a low-pressure gas region to two-dimensional
MSGCs on each side. This device has inherent resolution of less than 100 pm, high
count rate capability and excellent timing. No working devices have yet been reported.
The timing resolution of this device is expected to be at least an order of magnitude
smaller than the conventional gas detector because the neutron conversion takes place in
a very thin foil.



Figure 12. Principle of proposal for neutron imaging with Gd/Csl and low pressure operation of MSGCs.
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4. Scintillator Detectors.

Solid state scintillators are about three orders of magnitude higher in density than
gases at atmospheric pressure, and in general have much greater stopping power per-unit

57 X
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volume. SLi based materials are by far the most common. Table 2 gives the
characteristics of the main solid state scintillators (Knitel, 1998).

Table 2
Characteristics of Solid State Scintillators
Material Li concentration Photons / Decay A (nm)

(cm’3) absorbed neutron | time (ns)
®Li-glass:Ce™* 2% 10% 6,000-7,000 75 395
*LiLEu 1.8 x 10% 51,000 | 1.4x10° 470
SLiF/ZnS:Ag" 1.2 x10% 160,000 | 10° 450
°Li glass:Tb** 3 x 10% 45,000 | 3x10° 550
Gd,Si05:Ce™* - 800 | 56/600 430

i) Anger Cameras.

Originally conceived for X-rays, the Anger camera (Anger, 1958) became an
attractive option for neutrons through developments at Argonne National Laboratory
(Strauss, 1981). It consists of a single sheet of scintillator material, an intermediate layer

to disperse the light, and an array of photomultiplier (PM) tubes, see figure 13. A




neutron conversion in the scintillator creates light that is seen by a group of neighboring
PM tubes, and a center of gravity calculation is performed from the amplitude
information from the respective tubes. Most commonly used scintillators are those based
on 6Li-glass:Ce3+, available from vendors such as Bicron.
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Figure 13. Schematic of the Anger Camera

Kurz (1988) describes further work on Anger cameras, and Schafer (1995)
describes linear and area detectors readout both as Anger cameras and with position-
sensitive photmultipliers. These devices achieve relatively high counting rates and have
good timing because of the thin layers. A major disadvantage is a relatively high gamma
sensitivity.

A device with °Li glass and microchannel plate will be described in section 7.

ii) Scintillators with fiber optic coding.
This technique was first demonstrated about 20 years ago (Davidson, 1983). The
principle is shown in figure 14. The light produced by neutron capture in the scintillator
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Figure 14. Fiber-optic coding of a discrete element scintillator detector.



is divided between three.fiber optic.channels, and coupled uniquely to a combination of;
three PM tubes. The major advantage is a reduction in the number of PM tubes required
compared with the number of resolution elements. This technique has been further
developed at the spallation facﬂlty ISIS, located at the Rutherford Appleton Laboratory.
Initially used W1th linear detector arrays using 2C, coding, devices have now been
developed using *C, coding that. yleld two-dimensional information.

A recent example at ISIS ‘of a two-dimensional device based on this coding
principle (Rhodes, 1997) is a detector designed for a new diffractometer, where the -
requirement was for a square detector of dimensions 500. mm X 500 mm with a plxel size
of order 10 mm x 10 mm. This: detector was designed as four modules, with each module
having an active surface area of 348 mm X 144 mm. :

A single module consistsof a scintillator of ZnS/ SLi coupled by fiber optics to an
array of photomultiplier tubes. Ihe scintillator is located in front of an aluminized mylar,
light guide grid that divides the thodule into 348 pixels, arranged on a 29 X 12 array, with
pixel size 12 mm x 12 mm. Figure 15 shows a single module from which the light tight
cover has been removed, and in ‘which the scintillator has been removed (it is lying'on the

Flgure 15. One module of the coded scmtlllator/ﬁber OptIC device. Pixel array is 29 X 12. One PM! has
been removed and its fibers illuminated (from rear). Beginning at bottom of right hand column, first pixel
(lit) contains fibers from PMs 1, 2, 3 and 4, the next one up (dark) from PMs 1, 2, 3 and 5, all the way (all:
dark) to the ninth pixel up, PMs 1, 2, 3 and 12. The tenth pixel up (lit) contains fibers from PMs 1,2, 4
and 5, the eleventh (lit) PMs 1, 2, 4 and 6 and so on. Thus, it is PM 4 that is illuminated.

floor) to reveal the pixel array. “Each pixel is viewed by sixteen 1.5 mm diameter, fiber
optic light gu1des These fibers are optically bonded to PM tubes at the rear of the
module using a *C;, code. (Every pixel is actually a 2x2 array.of square cells, each 6x6
mm?. Centered on each cell are four fibers, and corresponding fibers from each cell join
at the appropriate PM tube). For example, the first pixel is coupled to PMs 1, 2, 3 and 4,



the second pixel is coupled to PMs 1, 2, 3 and 5 and so on. In this way, all 348 pixels of
a module are coded by just 12 PMs. In figure 154 one photomultiplier tube has been
removed and its fiber optic bundle illuminated, thereby highlighting those fibers that feed
that particular PM.

Outputs from the photomultiplier tubes are amplified and registered by
discriminators, whose outputs are fed to a decoder. This EPROM generates the
appropriate binary address for each unique set of four coincident inputs. After time
stamping, a histogramming memory is updated. Table 3 shows the major characteristics
of this device.

Table 3
Detector Characteristics of Two-dimensional Fiber Coded Scintillator Detector
Active Surface 348x144 mm” | # of Photomultipliers 12
# of Pixels 348 Diameter 51 mm
Pixel Dimension 12x12 mm* | Neutron Efficiency @ 1 A 20%
# of fibers/module 5568 Gamma Sensitivity/*°Co <10
Fiber diameter 1.5 mm Background cts (cm? k! ) 0.7
Fiber code ‘¢, Pulse Pair Resolution 2.5us

There is an interesting development with a new material based on Li/Gd borate
(Czirr, 2001). Initial measurements with small samples indicate a pulse height
distribution for neutrons that is much more spectroscopic than existing scintillators, and
offering better n,y discrimination. No imaging developments have yet been reported.

5. Semiconductor Detectors.

The use of semiconductors in neutron detection generally requires conversion of
the neutron in a foil. The charged particle that may escape from the foil is sensed by the
semiconductor. Foils can be used in transmission, as illustrated in figure 16, in
backscatter mode, or both. However, this technique is a delicate and somewhat nature-
dependent compromise: the foil should be sufficiently thick for high conversion
efficiency, yet thin enough to allow secondary particles to escape.
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Figure 16. Principle of foil converters in transmission mode.




Figure 17 illustrates the efficiencies of '*’Gd and "Gd for 1A neutrons, as a
function of foil thickness. Efficiency in this instance means that the probability of an .. ..
escaping electron is unity. It should be noted that the foil thicknesses are very small, and
the efficiencies are not very high. (It is clear from this diagram why the Gd foil in the
case of the MSGC/Gd detector described in section 3(ii) is so thin.). These detectors
have generally very good timing resolution because the secondary emission and its solid
state detection is extremely prompt..

14 1o1AL

% 38

1A BACK: 5CATTERING

1A TRANSMISSION ‘A

oAl ..

-——

DETECTOR EFFICIENCY (%)

. - . oo S o o o

e o I
-
——— .
-

T i -

% e 18
FOIL THICRNESS {um}

t
£39
@
o]
-
~

Figure 17. Detection efficiency as a function of foil thickness (solid line: 51Gd; dashed line: ™'Gd).

i) Silicon Semiconductor with SLiF converter

In this approach (Schelten, 1997) a layer of LiF is attached to a reverse-biased Si
diode. The reaction products are an alpha, which has a range of only a few m, and a
triton, which has several times the‘alpha range. Even if only half of its 2.7 MeV is -
dissipated in the silicon, 3.8 X 10° electron/hole pairs are created, a sizeable signal. -Such
a LiF/Si device was made into a linear position-sensitive detector by fabricating one of
the two main electrodes as 24 strips of 1.25 mm spacing, and connecting them to an RC
line. This application of charge division permits position determination, and a measured
spatial resolution of 1.25 mm has been obtained (Schelten, 1997). The relatively thin
converter layers (16lum) yield less than 10% neutron absorption probability, and further
work is necessary to render this technique more practical.

ii) Silicon/Gd Microstrip. .

A Si microstrip detector, a thin wafer of fully.depleted silicon with readout strips -
on one face that permits position determination, has been coupled to a Gd converter
(Petrillo, 1999), as shown in figure 18.
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Figure 18 Principle of the Gd converter and silicon strip detector
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Figure 19. Silicon microstrip detector readout set-up

In recent work on this type of instrument, a double-sided microstrip silicon sensor
with area 20 x 20 mm” size was used. This is shown in figure 19. Signals from the
400 um pitch strips are fed to low noise charge-sensitive preamplifier/shaping amplifier
(VA) chips, the channel with the largest signal being representative of the position of a
specific event. The neutron converter was a 250 pm thick natural Gd foil mounted in
contact with the back-plane of the sensor. The less energetic line of the conversion
electron spectra following neutron capture in Gd is observed at about 70 keV, creating
about 2 x 10* electrons in the silicon. This is relatively easily detectable by the
electronics.
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Figure 20. Position response as a function of neutron energy.



Figure 20 shows the position response, which was measured by scanning a beam
of neutrons from the TRIGA reactor, Italy, across the detector. By selecting
monochromatic neutrons, position response as a function of energy was also determined,
and a small dependence upon neutron energy is observed. It is likely that y-ray
background plays a limiting role in these measurements. .

Timing resolution of semiconductor-based detectors should be of order a few ns.

6. Film and Image Plates

i) Film.

Thermal neutrons can be imaged with high resolution by photographic film.
Diffraction experiments with film were carried out many. years ago (Wollan, 1948), using
indium as the neutron absorbing medium. Now, the secondary foil is usually Gd. An
alternative approach is to use a scintillator, such as. SLiF/ZnS. A system has been
described (Hohlwein, 1983) in which film is sandwiched between two such screens, and a
resolution of 100pm was obtained. Although film consists of silver halide grains of order
5 wm in size, this intrinsic resolution is rarely achieved because the range of the electron
from the foil is typically much longer. Film, like the Image Plate (next section), has the
advantage of low cost, ability to cover large areas, flexibility, and good resolution: The
disadvantages are no timing information, no sensitivity to single neutrons and the
inconvenience of a two-step readout process. Photographic film has a much smaller -
dynamic range, about 100:1, compared to Image Plates. '

ii) Image Plates.

- Image Plates (IPs) were developed for diagnostic radiology during the early 1980s
(Sonoda, 1983). They were soon used widely in X-ray protein crystallography -
(Amemiya, 1988). An IP is about 0.5 mm thick and is composed of a flexible plastic
backing coated with fine storage phosphor crystals (BaFBr: Eu?*) combined with an
organic binder. The phosphor is capable of storing part of the energy released when -
ionizing radiation converts in the plate. When the plate is later stimulated by visible.
light, photostimulated luminescence (PSL) is emitted, whose intensity is proportional-to
the neutron dose. Essentially the IP is a form of electronic film, in which incoming
radiation creates an integrated latent image that is subsequently read out. The image-is
retrieved by illuminating the plate with laser hght (HeNe); this produces PSL, or
characteristic fluorescence radiation, from Eu®*. The number of photons emitted is
proportional to the converted incident radiation. A convenient method to perform the
readout is a raster scan with a laser beam, simultaneously feeding the fluorescence
radiation through a fiber-optic cable to a photomultiplier. IPs have a resolution less than
100 pwm, and a dynamic range much greater than that of film, typically 10°: 1. These are
impressive characteristics. Figure 21 illustrates the readout process for an IP.
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Gadolinjum is a good candidate to make an IP sensitive to neutrons. The strong
(n,y) resonance produces a wide range of keV y-rays, and a cascade of conversion
electrons. Both can stimulate the phosphor. The conversion process can be done either
by placing a thin plate containing gadolinium in front of the IP or by having the
gadolinium compound inside the phosphor. It has been found that the second approach is
better both from a resolution and signal to noise viewpoint. (Cipriani, 1995; Knitel,
2000). A key advantage of image plates is their mechanical flexibility. For example,
they can be used to surround objects cylindrically as shown in figure 22. In this example,
the image plate is mounted on a 30cm drum with the sample inside, on axis. With a pixel
size 0.25 x 0.25 mm®, about 6 Mpixels were readout in 5 min. A diffraction pattern from



partially deuterated tetragonal lysosyme crystal taken with this instrument is shown in
figure 23 (Cipriani, 1997). Recently, it has been shown (Thoms, 1999) that mixing ®LiF
into the image plate phosphor may significantly improve the neutron to 7y sensitivity by an
order of magnitude.

i
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' Fgue 23. A diffraction pattern o artllly deuterated tetragonal lysosyme crystal

7. Microchannel Plates.

Microchannel plates (MCPs) are vacuum imaging devices for UV/X-ray photons
and charged particles (Wiza, 1979). A limited amount of work has been carried out to
determine their viability as direct detectors of neutrons. A first approach involved
measurements with MCPs made from lead-oxide glass containing lithium (Fraser, 1990),
where ionization from the emitted ol particle is detected. Only a tiny efficiency for
neutron detection was measured and, furthermore, it was realized that incorporation of
large mole fractions of lithium oxide into MCP lead glass was a severe challenge. A
more practical approach is to consider incorporating boron oxide into the MCP glass
(Fraser, 1995), but no results have so far been published. A recent development of:the
microchannel plate, called the microsphere detector, is described (Tremsin, 1996). The
outer geometry and appearance;fof the two devices are essentially identical, but the newer
device comprises irregularly packed, sintered glass beads in which an electron avalanche
propagates in the gaps between the spheres. So far, however, there appear to be no
development of this plate specifically for neutrons. :

A combination of scintillator, 6Li—glass:Ce3+, and MCP has been examined as a
position-sensitive detector (Schrack, 1984), where the readout was by a two-dimensional
resistive sheet. Figure 24 illustrates the principle. In a further development of this



approach, a position resolution of 40 pm has been reported (Rausch, 1996) on a small
device. '
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Figure 24. Combination of °Li glass with a microchannel plate and resistive sheet readout.

8. Radiography and Tomography.

Neutrons have unique scattering and absorption properties for the study of
structures and flaws in non-destructive testing of materials. X-rays have a cross-section
for absorption that increases approximately as Z*, and hence they are strongly absorbed
by heavy elements and little absorbed by light elements. Low energy neutrons, on the
other hand, can interact strongly with light elements and minimally with heavy elements,
and can have interaction properties that are several orders of magnitude different between
nuclei with close atomic numbers. An excellent selection of papers relating to
radiography and tomography with neutrons can be found in Fischer (1996) and
(Lehmann, 1999).

Planar neutron radiography was developed to take advantage of these unique
neutron properties. It is ideally suited to studies of thin layers. In aluminum, for
example, early corrosive changes that are rich in hydrogen-containing compounds can be
detected because of the large interaction cross-section with hydrogen nuclei. Neutron
radiography, even though it is expensive in comparison with other non-destructive testing
methods, is an indispensable part of inspection and examination in fields such as nuclear
engineering, aerospace industry, pyrotechnics, oil industry and archeology. Specific
examples are:

. welding seams,
cooling channels in turbine blades,
gluing of sandwich structures used in aviation,
homogeneity of new materials or enclosures inside them,
detection of hydrocarbonates inside metal or ceramic housings.



It has also been used in life science application such as root activity in growing plants .
(Furukawa, 1999), insect research (Allee, 1996) and the study of microorganisms - -
(Wacha, 2000).

However, the image in radlo graphy is produced from the integrated 1nteractlon
cross-section over the entire path of radiation through the object. Local density or ‘
material changes can be hidden:because of this essential averaging. Image reconstruction
from a multitude of projections permits tomography to generate three-dimensional detail
of the object’s internal structure. Some early advantageous features of tomography were
realized in test measurements on nuclear fuel (Barton, 1977), but its full potential has
been thwarted by lack of efﬁc1ent high resolution (fraction of a mm) detectors.

Detectors for radlography have been largely based around image plates, e.g. Stade
1996, Tazaki, 1999, Bayon, 1999, Fujine, 1999). However, image plates (and film) are -
not practical for tomography because a large number of projections need to be taken:in a
reasonable time, and need to be available in digital form for further processing. Most
tomography work has been based on neutron scintillators coupled to CCDs, eg,
McFarland, 1991, Schillinger 1996 Gibbons, 1999, Schillinger. 1999, and two are’
described below.

a) McFarland et al. (McFarland, 1991) at the Massachusetts Institute of
Technology pioneered the use of a scintillator screen coupled to a CCD to demonstrate
that such a system had the position resolution and efficiency capable of yielding useful
tomographs. Figure 25 shows a schematic of the experimental set-up.
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Figure 25. One of the first tomographic measurements with a CCD detector. Neutrons pass through object
and are converted in scintillator screen mounted on the inside of a light-tight box. Optical photons
reflected from the mirror are focused by the lens onto a CCD.

Neutrons that have passed through the test object convert in the screen, a 6LiF-k
ZnS scintillator, whose light output is imaged onto a cooled CCD by a front-surfaced . -
mirror and lens. This geometry allows the CCD to be shielded from the incident neutron -
beam, preventing radiation damage to the CCD and possible neutron activation.- Nuclear
Enterprises claim an efficiency of:15% for thermal neutrons and a resolution of about 100
um for the screen, but this specific set-up had significantly lower efficiency because of
mismatching of the blue ZnS phosphor and the lens aperture. However, acceptable



images were obtained. Figure 26 shows a neutron tomogram of a small brass control
valve (about 3 cm outside dimension) reconstrueted from 90 projections at 2° increments.
The total imaging time was a little under 5 rmnutes with a neutron fluence of 7 x 10®
n/cm’ per projection. Intrinsic resolution is close to the 100 um of the scintillator.

Figure 26. Three-dimensional view of neutron tomographic reconstruction of brass control valve.

b) A group at the Technical University, Munich has developed a high sensitivity
CCD camera for detection of the faint light of a neutron scmtﬂlator (Schillinger 1996,
1999). A prototype with an active area of up to 28x28 cm?” has been developed. Itis
expected that after some further improvements, this detector will be sensitive enough to
detect even a few single neutrons on an area as large as 0.5x 0.5 m*

As in (a), a commercially available granular scintillator consisting of ZnS(Ag)
+PLiF was used. Thermal neutrons are absorbed with an efficiency of about 15 %, and
the ionizing reaction products produce approximately 1.8 . 10° photons in the ZnS(Ag)
crystals with an average wavelength of 470 nm. The product particles, an o and triton,
have average ranges of 10 pm and 26 pum respectively within the scintillator. The
granular composition of the scintillator limits the resolution to about 50 um.

The efficiency is improved for sub-thermal neutrons as the absorption cross
section is inversely proportional to the neutron velocity. The scintillator material itself is
somewhat opaque to its own radiation, so the scintillator layer must not be thicker than
0.5 mm for optimum light output, though a thicker layer would be required for optimum
neutron absorption. Light output for gamma rays is 450 to 4500 times smaller than for
one detected neutron.
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Figure 27. Schematic setup of the detector

Flgure 27 shows the set~up of the Munich instrument. The detector consists of a
28 % 28 cm? scintillator screen, an aluminum coated surface mirror and a Peltier cooled
CCD camera system with a 512 x 512 plxel Thomson CCD (TH7895 with 19 x 19 pm”
pixel size). The driving electronics are very flexible and compact due to use of highly
integrated chips. Control of exposure, read-out and data transfer is performed by a
standard PC. As in (a), the scintillator screen is viewed via the mirror by the CCD chip to
prevent radiation damage to the latter. The mirror and the backside of the detector -
housing are transparent for neutrons, so that the non-absorbed part of the beam leaves the
detgctor A zoom lens with f=1.0 permits coverage of the whole active area of 28 x 28
cm”.

Although the CCD is not in the direct line of neutrons, some problems arise from
stray gamma rays that are generated by neutron capture in the beam catcher or in the
sample. While the light output of the scintillator is negligible for gammas compared to
neutrons, the CCD chip itself is highly sensitive to gammas. A gamma event in a CCD
generates several thousand photo-electrons and forms a nearly perfect point source. These
gamma events appear as isolated bright spots in the picture and can be eliminated by
electronic image processing by comparing two identical exposures. In future, the CCD
will be shielded with lead glass.

Neutron exposures have been taken at the Garching reactor FRM-I in a flux of
order 3.0 x 10° n/s/cm?, and with an average neutron energy of 6.5 meV. Because the
beam was only about 2.5 cm wide and 16-cm high, large-area pictures were obtamed by
mounting the detector and sample on a translation table, which was scanned across the
beam. A compete radiograph was taken in ten minutes, exposing each parts of the
sample to the beam for two minutes. ‘



Figure 28 shows a radiograph of a car ignition distributor. On top is the low
pressure box for ignition time adjustment, with-a steel spring and membrane, and below
this is the plastic housing of the capacitor, nearly dark because of its hydrogen content.

Figure 28 The raw data of a car ignition distributor.

An example of the transformation from projection to tomograph is shown in
figure 29. The object is a small electromotor about 20 mm in diameter. The CCD
instrument was used to record 200 projections in 0.9° steps with three minutes exposure
each time, totaling about 12 hrs including data transfer. One such projection is shown in
figure 29(a). From all projections, a three-dimensional reconstruction can be put together
from a stack of two-dimensional reconstructions, the latter in turn being obtained from
Fourier analysis of the projection raw data (Kak, 1988). The three dimensional
reconstruction was put together from 268 separately reconstructed layers of 201 x201
pixels, forming a data cube of 201 X 201 X 268 pixels, figure 29(b). Each 3D pixel
corresponds to a cube of side about 120 pm.

a) b)

Figure 29. Neutron radiography/tomography of small motor.
a) One single projection, b) Front view of motor (268 reconstruction layers).



Some upgrades to the detector system that will improve both throughput and image
quality are a reduction of dark current noise by liquid nitrogen-cooling, improvement of
the sensitivity of the CCD for the 470 nm scintillation light by coating with laser dyes,
which act as wavelength shifters, or by usage of backlit CCDs. Better shielding against
gamma rays and better light collection with high-aperture lenses (F=0.75) and fiber opt1c
tapers are also being planned. .

Fast neutron radiography is an attractive non-destructive inspection techmque
because of the excellent penetration characteristics of fast neutrons in matter. The
difficulty of detecting fast neutrons, however reduces its attractiveness. Some techniques
have been developed to help overcome this difficulty. Two image plates and a sheet of
polyethylene as a proton emitter was examined (Masahito, 2001), with results that
showed the method could be applicable to fast neutron radiography with effective -
discrimination of y-rays. R

9. Closing Remarks.

In this article, we have described the principle reactions in nature that are useful
for detection of neutrons, highlighted the salient features of a range of detector
technologies that have been developed for imaging purposes, and outlined an 1mportant
application, namely radiography and tomography. However, in covering quite a range of
disparate technologies, it is not possible to delve too deeply into some fundamental - -
aspects of radiation detection. For example, in describing each imaging technology,
little distinction has been made between single neutron counting and integrating mode.
In fact, there are only three detector types described in this article that.are truly
integrating, namely film, the image plate (section.6), and the combination of scintillator
and CCD (section 8). These are most useful in very high rate applications where an:
image can be recorded quickly-and where no time resolution is required; hence they are
commonly used in radiography:and tomography. All other detector types described:
register neutrons electronically, one event at a time. This offers the possibility of t1me
tagging events and, in experiments at spallation sources, each neutron energy can then be
determined Thermal neutrons particularly, move very slowly, 1 meV and 100 meV
detector can easily be 10m, and therefore time dlfferences of several milliseconds, can
occur between the arrival of the least, and most, energetic neutron from one spallatron
pulse. Timing resolution, non-existent for integrating detectors, has been indicated for
counting detectors where appropriate. :

Development of improved neutron 1mag1ng techniques will continue to be an area
of challengmg research. Detectors w1th sub-mm resolution, counting rates of MHz per
cm?, and area coverage of several m” are essential if the world community is to make
effective use of the newest spallation sources now under construction and consideration
throughout the world. )
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